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An  interesting  new  material  based  on  a  Nafion®  membrane  doped  with  a  sulfated-zirconia  filler  is  pre¬ 
sented.  This  filler  is  unique  in  that  the  filler  itself  can  contribute  to  the  proton  conductivity  due  to  the 
presence  of  acidic  functionalities  on  the  surface  of  the  filler.  The  presence  of  the  filler  in  the  membrane 
results  in  the  deprotonation  of  Nafion®’s  acid  moieties  as  indicated  by  the  absence  of  the  acid  mode  at 
1475  cm-1  in  the  FTIR  spectrum.  Spectra  from  DSC,  DMA  and  broadband  electric  spectroscopy  (BES)  show 
the  presence  of  several  molecular  transitions,  two  of  which  are  detected  in  the  BES  permittivity  profiles. 
The  membrane  exhibits  a  reasonably  high  conductivity  (3x1 0-3  S  cm-1  at  1 20  °C)  even  in  completely  dry 
conditions,  which  makes  it  a  promising  material  for  an  anhydrous  fuel  cell.  The  conductivity  behaviour 
exhibits  a  mix  of  Arrhenius  and  VTF  behaviours  and  is  closely  tied  to  the  dielectric  relaxations. 

©  2011  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Perfluorinated  polymers  such  as  Dupont’s™  Nafion®* 1 *  have 
been  the  focus  of  research  for  many  years  for  application  in  proton 
exchange  membrane  fuel  cells.  However,  at  elevated  temperatures, 
i.e.  above  100°C,  pristine  Nafion®  suffers  from  reduced  conductiv¬ 
ities  due  to  a  loss  of  water  from  the  system  [1,2].  This  particular 
downfall  of  Nafion®  is  problematic  because  most  current  electro¬ 
catalysts  have  enhanced  reaction  kinetics  and  are  less  susceptible  to 
poisoning  at  these  operating  temperatures  [2,3].  Elevated  temper¬ 
atures  also  would  obviate  the  need  for  water  management  systems 
and  simplify  thermal  management  [4,5].  One  approach  to  over¬ 
come  the  problems  associated  with  pristine  Nafion®  is  to  introduce 
a  filler  into  the  membrane  to  improve  the  thermal,  mechanical 
and  electrical  properties  of  the  membrane  [1,4].  Generally  these 
fillers  are  located  at  the  interfaces  between  the  hydrophilic  and 
hydrophobic  domains  of  the  membrane  matrix  and  help  establish 
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percolation  pathways  for  proton  conduction.  Many  different  types 
of  fillers,  including  inorganic,  ionic  liquids  and  organic-inorganic 
fillers,  have  been  used  in  the  production  of  hybrid  membranes 
[1,6-12].  Some  of  these  fillers,  such  as  simple  inorganic  metal 
oxides  or  “core-shell”  nanofillers,  participate  in  the  proton  con¬ 
duction  mechanism  but  do  not  contribute  to  the  charge  carrier 
concentration  in  the  system  [7,13-17].  Recently,  a  novel  sulfate- 
functionalized  zirconia-based  (S-Zr02)  filler  has  been  investigated 
as  a  proton  conductor  [18-23].  This  filler,  like  heteropolyacids 
[24-26],  functionalized  zeolites  [27,28],  sulfonated-POSS  [29,30] 
and  proton-conducting  ionic  liquids  [5,8,10,11],  is  unique  because 
the  acidic  moieties  on  the  zirconia  surface  allow  it  to  contribute 
directly  to  modulation  of  the  “free”  proton  density,  which  influ¬ 
ences  the  percolation  pathway  in  the  bulk  membranes.  Fuel  cell 
tests  using  Nafion®  composite  membranes  containing  5%  S-Zr02 
showed  a  general  improvement  in  the  power  density  and  the 
ohmic  resistance  when  compared  to  a  Nafion®-containing  cell  [18]. 
The  enhanced  performance  at  high  temperatures  and  low  rela¬ 
tive  humidities  [18,19,31],  i.e.  20%  relative  humidity,  makes  these 
materials  particularly  interesting  for  application  in  medium-high 
temperature  fuel  cells. 

In  previous  studies  some  of  the  thermal  properties  and  the 
overall  conductivity  of  5%  S-Zr02 /Nafion®  composite  membranes 
have  been  investigated  along  with  the  fuel  cell  performance 
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[  1 8,1 9,22,31  ],  but  an  in-depth  study  of  the  mechanical  and  electric 
properties  has  not  been  reported.  In  this  study,  composite  mem¬ 
branes  containing  5%  of  the  S-Zr02  filler  are  characterized  with 
differential  scanning  calorimetry  (DSC),  dynamic  mechanical  anal¬ 
ysis  (DMA),  Fourier  transform  infrared  spectroscopy  (FTIR)  and 
broadband  electric  spectroscopy  (BES)  to  investigate  the  mechan¬ 
ical  and  electrical  properties  of  the  membrane  and  to  relate  those 
properties  to  the  membranes’  structure.  The  membranes  were 
studied  in  both  humidified  and  non-humidified  conditions  to 
examine  the  difference  in  the  behaviour  and  interactions  in  the 
presence  of  water. 


2.  Experimental 

2.1.  Sample  preparation 

Sulfated-zirconia,  which  has  a  tetragonal  crystalline  structure, 
and  the  composite  S-Zr02 /Nation®  membranes  were  prepared  as 
previously  described  [19,22,31].  The  “dry”  samples  were  obtained 
by  drying  the  polymers  for  48  h  under  vacuum  at  1 20  °C.  The  “wet” 
samples  were  obtained  by  autoclaving  the  material  at  120°C  for 
35  min  at  100%  relative  humidity  and  then  immersing  it  in  milli-Q 
water  overnight  at  room  temperature. 


2.2.  Instruments  and  methods 

Thermal  characterization  was  performed  with  TG  and  DSC. 
TG  analyses  were  performed  with  a  High  Resolution  TGA  2950 
(TA  Instruments)  thermobalance  working  under  a  N2  flux  of 
100  cm3  min-1  and  with  a  resolution  of  1  |xg.  A  2920  differ¬ 
ential  scanning  calorimeter  (TA  Instruments)  equipped  with  a 
liquid  nitrogen  cooling  system  operating  under  a  helium  flux  of 
30  cm3  min-1  with  a  heating  rate  of  3°Cmin-1  in  the  tempera¬ 
ture  range  from  -150  to  350  °C  was  used  to  probe  the  thermal 
phase  transitions.  Samples  of  approximately  4  mg  were  hermeti¬ 
cally  sealed  in  an  aluminum  pan. 

DMA  measurements  were  made  with  a  TA  Instruments  DMA 
Q800  equipped  with  film/fiber  tension  clamp  for  testing  films  in 
the  tension  mode.  Spectra  were  collected  by  applying  a  sinusoidal 
deformation  of  amplitude  4(im  at  1  Hz  in  4°C  intervals  over  a 
thermal  range  from  -150  to  220° C.  A  25  mm  x  6  mm  x  0.2  mm  rect¬ 
angular  sample  was  subjected  to  a  pre-loading  force  of  0.05  N. 
The  viscoelastic  behaviour  of  the  samples  was  quantified  in 
terms  of  elastic  modulus  (£'),  loss  modulus  (£")  and  loss  factor 
(tan  8). 

FTIR  spectra  were  collected  using  a  Nicolet  FTIR  Nexus  spec¬ 
trometer  with  a  resolution  of  4  cm-1 .  The  spectra  of  the  membranes 
were  obtained  in  ATR  mode  with  a  Perkin-Elmer  Frustrated  Multi¬ 
ple  Internal  Reflections  186-0174  accessory. 

Electric  spectra  were  measured  with  BES  in  the  frequency  range 
from  10  mHz  to  10  MHz  using  a  Novocontrol  Alpha  analyzer  over 
the  temperature  range  from  -155  to  155°C.  The  temperature  was 
controlled  using  a  homemade  cryostat  operating  with  an  N2  gas  jet 
heating  and  cooling  system.  Temperature  was  measured  with  accu¬ 
racy  greater  than  ±0.05  °C.  Membranes  were  sandwiched  between 
two  circular  platinum  electrodes  inside  a  closed  cylindrical  home¬ 
made  teflon  cell.  The  cell  was  closed  to  avoid  water  loss  during  the 
measurement  of  wet  samples  and  water  adsorption  before  the  mea¬ 
surement  of  the  dry  samples.  Weighing  the  closed  cell  before  and 
after  measurements  indicated  that  there  was  no  water  loss  during 
the  wet  measurements.  The  geometrical  cell  constant  was  deter¬ 
mined  by  measuring  the  electrode-electrolyte  contact  surface  and 
the  distance  between  electrodes  with  a  micrometer.  Corrections  for 
thermal  expansion  of  the  cell  were  not  used. 
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Fig.  1.  FTIR  ATR  spectra  of  the  S-Zr02 /Nation®  composite  membrane  and  pristine 
Nation®.  Side  A  refers  to  the  top  side  of  the  membrane  after  the  casting  process, 
while  side  B  refers  to  the  bottom  side  of  the  membrane. 

3.  Results  and  discussion 

3.2.  FT-IR  spectroscopy 

The  infrared  spectra  of  the  hybrid  membrane,  which  are  shown 
in  Fig.  1,  exhibit  similar  spectral  characteristics  to  that  of  pristine 
Nation®.  Previous  work  has  shown  that  the  principle  features  of  the 
S-Zr02  spectra  are  the  sulfate  bands  between  approximately  1400 
and  1000  cm-1  [20,32].  In  the  spectrum  of  the  composite  mem¬ 
brane  these  bands  are  indistinguishable  from  the  Nation®  bands. 
This  is  unsurprising  given  that  the  filler  and  Nation®  contain  some 
similar  functionality,  the  filler  comprises  only  5  wt%  of  the  mem¬ 
brane  and  the  CF2  modes  of  Nation  occur  in  this  spectra  region  [  16]. 
Both  sides  of  the  membrane  show  spectra  that  are  almost  identi¬ 
cal.  This  indicates  that  the  membranes  are  homogeneous.  Side  A 
refers  to  the  top  side  of  the  membrane  after  the  casting  process, 
while  side  B  refers  to  the  bottom  side  of  the  membrane.  The  small 
spectral  shifts  occurring  in  the  CF2  region  with  membrane  hydra¬ 
tion  mirror  those  of  pristine  Nation®  and  are  likely  attributed  to 
conformational  changes  within  some  fraction  of  the  host  polymer 
[8,15,33].  The  effect  of  the  filler  is  much  more  evident  in  the  water 
stretching  region  centred  at  ca.  3400  cm-1.  The  intensity  of  this 
broad  band  in  pristine  Nafion®  is  approximately  double  that  found 
in  the  hybrid  membrane.  This  trend  is  in  good  agreement  with  the 
water  uptake  values  determined  by  TG,  which  show  an  uptake  of 
25  and  1 5  wt%  for  pristine  Nafion®  and  the  composite  membranes, 
respectively. 

The  most  significant  difference  in  the  FTIR  spectra  of  the  com¬ 
posite  membrane  and  pristine  Nafion®  is  found  in  the  Nafion® 
acid  mode  region  found  above  the  strong  CF  and  CC  stretching 
modes.  This  spectral  region  is  shown  in  Fig.  2.  In  dry  Nafion®,  a 
weak  band  can  be  found  at  approximately  1475  cm-1  that  has  been 
attributed  to  a  sulfonate  group  with  a  covalently  bound  (undisso¬ 
ciated)  proton  [16].  This  band  disappears  upon  hydration  of  the 
pristine  Nafion®  as  the  proton  dissociates  forming  the  sulfonate 
anion  and  a  proton  associated  with  the  water  present  in  the  system. 
Unlike  the  spectrum  of  pristine  Nafion®,  this  band  is  not  present  in 
the  spectrum  of  composite  membrane  indicating  that  the  protons 
are  dissociated  from  Nafion®’s  pendant  side  chains  even  in  com¬ 
pletely  dry  conditions.  This  result  is  different  from  that  found  in 
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Fig.  2.  FTIR  ATR  spectra  of  the  S-Zr02 /Nation®  composite  membrane  and  pristine 
Nation®  in  the  acid  mode  region. 

some  other  composite  systems.  For  example,  in  Nation®  compos¬ 
ite  membranes  doped  with  “core-shell”  nanofiller,  the  acid  band 
of  Nation®  remains  in  the  presence  of  the  nanofiller  indicating  that 
the  proton  is  still  covalently  bonded  to  the  pendant  side  chain  [16]. 
The  fact  that  there  are  no  undissociated  protons  on  the  Nation®  side 
chains  in  the  composite  membrane  has  important  implications  for 
its  structure,  suggesting  that  the  filler  in  the  composite  increases 
the  number  of  charge  carriers  present  in  the  dehydrated  system  as 
compared  to  pristine  Nation®. 

Previous  studies  [21,34,35]  on  this  filler  have  indicated  that  the 
presence  of  sulfates  on  the  zirconia  surface  allows  S-Zr02  to  func¬ 
tion  as  both  a  Lewis  and  Bronstead  acid.  In  the  absence  of  water,  the 
protons  dissociated  from  the  Nation®  side  chains  could  be  associ¬ 
ated  with  a  bidentate  sulfate  (Fig.  3).  This  hypothesized  structural 
model  could  result  in  the  sulfate  becoming  monodentate,  which 
would  allow  it  to  rotate  towards  an  adjacent  Lewis  acid  site.  In 


Fig.  3.  Hypothesized  structural  model  for  the  interaction  of  protons  with  the  S-Zr02 
surface.  The  *  indicates  a  Lewis  acid  site. 


such  a  way,  the  protons  can  moved  along  the  surface  of  the  filler.  In 
the  presence  of  water,  protons  can  be  moved  along  the  surface  of 
the  filler  by  the  exchange  of  Lewis  and  Bronstead  acid  sites  [21,34]. 

3.2.  DSC,  DMA  and  BES  analyses 

Combining  the  DSC  curves  with  the  tan  8  profiles  from  DMA  and 
BES  reveal  the  presence  of  one  y,  two  (3  and  three  a  relaxation 
events  in  both  the  S-Zr02 /Nation®  composite  membrane  and  pris¬ 
tine  Nation®  [36],  as  shown  in  Fig.  4  for  the  dry  membrane  and 
in  Fig.  5  for  the  wet  membrane.  While  not  all  of  these  transitions 
are  clearly  visible  in  all  of  the  curves  of  Figs.  4  and  5,  the  combi¬ 
nation  of  the  three  data  sets  allows  all  of  the  events  to  be  readily 
identified.  At  very  low  temperatures,  a  y  transition  is  identified 
at  approximately  -115°C  and  is  associated  with  local  fluctuations 
of  CF2  units  along  the  main  Nation®  fluorocarbon  chain  [37-39]. 
This  peak  is  stronger  and  occurs  at  slightly  higher  temperatures  in 
the  wet  spectra  than  in  the  dry  spectra.  Two  /3  relaxations  associ¬ 
ated  with  the  polyether  side  chains  can  be  found  between  -84  and 
-20  °C  for  the  S-Zr02 /Nation®  composite  membrane.  The  higher 
temperature  event,  fa ,  can  be  attributed  to  conformational  tran¬ 
sitions  of  the  ether  group  bound  to  the  backbone  end  of  the  side 
chain,  while  the  lower  temperature  event,  fa,  can  be  attributed 
to  conformational  transitions  of  the  ether  group  bound  to  the  sul¬ 
fonate  end  of  the  side  chain  [36].  The  separation  between  the  y 
and  the  transitions  is  more  clearly  visible  in  wet  membranes 
than  in  the  dry  membranes,  possibility  due  to  the  plasticizing  effect 
of  water.  There  are  three  alpha  transitions  above  0°C:  a\,  a2  and 
ofpC.  ol\  and  a2,  the  lower  temperature  transitions  in  this  region, 
are  associated  with  conformational  transitions  of  the  main  perflu- 
orocarbon  chain,  while  apc ,  found  at  temperatures  above  100°C, 
is  associated  with  the  long-range  movement  of  the  fluorocarbon 
domains  and  side  chains  due  to  weakening  of  electrostatic  interac¬ 
tions  within  the  hydrophilic  domains  [8,1 6,40].  In  both  the  wet  and 
dry  hybrid  membrane  an  increase  above  40  °C  is  seen  in  the  DMA 
tan  8  spectra.  The  maximum  value  of  this  increase  occurs  at  the 
same  position  as  the  peak  at  approximately  100°C  corresponding 
to  the  ape  mechanical  transition  in  pristine  Nation.  The  apc  mechan¬ 
ical  transition  occurs  due  to  the  absorbance  of  mechanical  energy 
associated  with  the  weakening  of  the  polar  interactions  between 
domains.  It  is  likely  that  the  increase  in  the  hybrid  membrane  spec¬ 
tra  is  the  start  of  the  aPc  mechanical  transition,  but  the  weakening  of 
the  interactions  leads  to  the  total  mechanical  failure  of  the  hybrid 
membrane  at  approximately  100°C.  In  the  fully  hydrated  hybrid 
system,  the  and  a2  transitions  are  found  to  be  closer  together  in 
temperature,  more  well-resolved  and  correspond  to  an  increased 
intensity  of  the  y  transition  than  in  the  dry  hybrid  membrane.  As 
these  transitions  depend  on  the  conformation  of  the  main  poly¬ 
mer  chain,  this  behaviour  could  indicate  an  increased  crystallinity 
in  the  hydrophobic  domains  of  the  host  matrix.  Crystallinity  in 
the  hydrophobic  domains  could  result  from  decreased  interaction 
strength  of  the  side  chains  due  to  the  plasticization  by  water  and 
result  in  an  increased  distribution  of  the  side  chain  configurations. 
This  is  supported  by  a  splitting  of  the  f$  transitions  particularly  in 
the  BES  tan  8  spectra. 

There  are  other  thermal  and  mechanical  properties  worth  men¬ 
tioning  in  addition  to  those  already  discussed.  The  storage  modulus 
of  the  dry  composite  membrane  (79  MPa  at  80  °C)  is  lower  than 
that  of  pristine  Nation  (205  MPa  at  80  °C)  [36]  and  other  Zr02  com¬ 
posite  membranes  [7].  Nation  undergoes  an  irreversible  elongation 
at  slightly  higher  temperatures  than  the  composite  membrane 
(Figs.  4b  and  5b).  The  composite  membrane  in  fully  hydrated  con¬ 
ditions  has  severely  reduced  mechanical  properties  throughout  the 
entire  temperature  range,  probably  due  to  plasticization  by  water. 

Some  of  the  dielectric  relaxations  discussed  with  respect  to 
Figs.  4  and  5  for  the  composite  membrane  can  be  found,  along  with 
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Fig.  4.  Profiles  of  heat  flow  from  DSC  and  tan  8  from  DMA  and  BES  for  dry  S-Zr02/Nafion®  and  pristine  Nafion®.  The  data  for  Nafion®  reported  by  Di  Noto  et  al.  are  included 
for  the  sake  of  comparison  [36].  Temperature  ranges  (a)  from  -1 50  to  20  °C  and  (b)  from  0  to  1 50  °C. 


polarization  events,  in  the  imaginary  component  of  the  permittiv¬ 
ity,  s ",  shown  as  a  function  of  both  frequency  and  temperature.  The 
e"  and  the  o'  surfaces  can  be  seen  in  Fig.  6  for  the  dehydrated  mem¬ 
brane.  The  most  prominent  feature  of  the  s"  surface  is  the  strong 
peak  that  starts  at  low  frequency  at  lower  temperature  that  shifts  to 
higher  frequency  with  increasing  temperature.  This  peak,  denoted 
as  cr0  in  Fig.  6,  is  due  to  the  electrode  polarization  phenomenon 
and  corresponds  to  the  beginning  of  a  plateau  in  the  real  compo¬ 
nent  of  the  conductivity  o'  that  is  associated  with  the  bulk  or  DC 
conductivity  [41  ].  Two  dielectric  relaxations  can  be  seen  on  the  low 
permittivity  side  of  the  <r0  peak  in  the  s"  surface  and  correspond 
to  an  increase  in  o'.  The  relaxation  starting  at  higher  frequency 
corresponds  to  the  /32  transition,  while  the  one  at  low  frequency 
corresponds  to  fa .  Both  relaxations  move  to  higher  frequency  with 
increasing  temperature  and  by  0  °C  both  events  have  moved  out  of 
the  experimental  frequency  range.  Two  broad  peaks  can  be  seen  on 
the  low  frequency  side  of  cr0  in  the  s"  surface.  Labelled  <7i  and  o2 
in  Fig.  6,  these  two  peaks  correspond  to  inflection  points  in  o'  and 
are  attributed  to  interfacial  polarizations  associated  with  charge 
accumulation  along  the  interface  of  domains  with  different  per¬ 
mittivities  [16].  It  should  be  noted  that  the  a  relaxations  cannot 
be  distinguished  in  the  s"  surface.  These  relaxations  are  covered 
by  interfacial  polarizations  <ti  and  <r2  that  have  permittivity  values 
larger  than  any  of  the  dielectric  relaxations.  The  a  transitions  can  be 
seen  clearly  at  temperatures  above  0°C  in  the  BES  tan  <5  spectra  in 
Figs.  4  and  5  because  the  polarizations,  which  causes  an  increase  in 
both  the  real  and  imaginary  parts  of  the  permittivity,  are  typically 
suppressed  in  tan <5  [36,42,43]. 

Similar  events  can  be  seen  in  the  s"  and  the  o'  surfaces  of  the 
fully  hydrated  membrane  in  Fig.  7,  where  two  dielectric  relaxations, 


one  electrode  polarization  and  two  interfacial  polarizations  are 
present.  The  presence  of  water  above  its  melting  point  changes  both 
surfaces  as  indicated  by  a  step  increase  in  the  electrode  polarization 
and  is  associated  with  an  increase  in  o'  by  three  orders  of  magni¬ 
tude.  Below  0  °C,  both  surfaces  resemble  that  of  the  dry  membrane. 
In  this  temperature  realm,  water  does  not  contribute  significantly 
to  the  conduction  mechanism  and  the  strength  of  the  interactions 
involving  water  likely  remains  fairly  constant.  These  observations 
are  in  agreement  with  previously  reported  results  [36]. 

The  conductivity  values  associated  with  the  various  polarization 
events,  dielectric  strengths  and  the  characteristic  relaxation  times 
are  obtained  by  fitting  the  experimental  s"  and  s'  profiles  with  a 
general  empirical  equation  [7,42,44]: 


ioo[\  +  (icork)yi<] 


EZAoi 

[-l+dcOTjfifi  +S°°  (1) 

j=  1 

where  s*{co)  =  £'{co)-i£"{co).  In  this  equation,  the  first  term 
describes  the  conductivity  of  the  material  at  frequencies  lower 
than  those  experimentally  measured,  while  £00  accounts  for  the 
permittivity  of  the  material  at  infinite  frequency.  The  second  term 
accounts  for  the  polarization  phenomena,  where  /<  =  0  for  the  elec¬ 
trode  polarization  and  k  =  1  or  2  for  the  interfacial  polarizations. 
The  variables  ok  and  rk  are  the  conductivity  and  relaxation  time 
associated  with  the  kth  polarization  event,  while  yk  is  a  shape 
parameter  that  describes  the  broadening  and  asymmetry  of  the  kth 
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Fig.  5.  Profiles  of  heat  flow  from  DSC  and  tan  8  from  DMA  and  BES  for  wet  S-Zr02 /Nation®  and  pristine  Nafion®.  The  data  for  Nation®  reported  by  Di  Noto  et  al.  are  included 
for  the  sake  of  comparison  [36].  Temperature  range  (a)  from  -1 50  to  20  °C  and  (b)  from  0  to  1 50  °C.  In  the  cases  where  there  are  both  left  and  right  axes,  the  left  corresponds 
to  the  hybrid  membrane  and  the  right  corresponds  to  pristine  Nafion®. 


peak.  The  third  term  expresses  the  dielectric  relaxation  through  a 
Havriliak-Negami  relationship  [42],  where  oo  =  2nf\s  the  angular 
frequency  of  the  electric  field,  Xj  is  the  relation  time  of  the  jth  event 
that  has  an  intensity  A sj}  and  otj  and  fy  are  shape  parameters  that 
account  for  the  symmetric  and  asymmetric  broadening  of  the  jth 
peak. 

An  example  of  the  fit  of  s"  and  s'  profiles  of  the  S-Zr02 /Nafion® 
hybrid  membrane  at  -25  °C  can  be  seen  in  Fig.  8.  In  this  tempera¬ 
ture  region,  two  conductivity  terms,  <r0  and  <ti,  and  one  dielectric 
term,  /?i,  are  revealed.  From  this  point  as  temperature  increases, 
the  dielectric  term  moves  out  of  the  experimental  range  on  the 
high  frequency  end  of  the  spectra.  At  this  temperature,  only  the 
start  of  the  peak  associated  with  the  interfacial  polarization  o\  is 
included  in  this  frequency  range,  but  an  increase  in  both  the  e"  and 
s'  profiles  at  low  frequency  indicates  that  it  is  necessary  to  achieve 
a  good  fit  of  the  data.  In  the  s'  spectrum,  the  term  is  necessary 
to  fit  the  data  at  very  high  frequency  to  correct  for  the  inherent 
permittivity  of  the  material.  A  good  fit  of  the  data  is  achieved  when 
both  the  real  and  imaginary  components  of  the  permittivity,  along 
with  a",  cr',  and  tan  8  are  reasonably  well  matched  simultaneously. 

The  conductivity  values  associated  with  the  electrode  polariza¬ 
tion  g o  and  the  interfacial  polarizations  cri  and  o2  obtained  by 
fitting  the  permittivity  data  with  Eq.  (1)  are  shown  as  a  function 
of  reciprocal  temperature  in  Fig.  9.  The  conductivity  behaviour  of 
the  composite  membranes  is  complex  and  closely  bound  to  the 
relaxations  discussed  in  Figs.  4  and  5.  The  complex  nature  is  clearly 
evident  from  the  presence  of  several  distinct  regions  in  the  con¬ 
ductivity  curves.  In  the  dry  composite  membrane,  the  conductivity 
profile  (T0  can  be  divided  into  four  temperature  regions  (Fig.  9, 
part  a).  At  very  low  temperatures,  there  are  two  regions  with 


very  different  activation  energies  that  follow  Arrhenius  behaviour. 
Arrhenius  behaviour  in  this  very  low  temperature,  and  therefore 
low  thermal  energy  region,  indicates  that  in  these  conditions  the 
conductivity  follows  a  Grotthus-like  “hopping”  process  [45].  The 
breakpoint  between  the  temperature  regions  I  and  II  corresponds 
to  the  y  relaxation  found  at  -1 1 5  °C.  The  lower  temperature  region 
(I)  has  an  activation  energy  of  9.3  ±  0.9  kj  mol-1 ,  while  the  higher 
temperature  region  (II)  has  an  activation  energy  of  51  ±  4  kj  mol-1 . 
This  higher  activation  energy  indicates  that  the  y  transition  actually 
hinders  the  proton  hopping  process  and  the  long  range  conductiv¬ 
ity.  The  y  transition,  which  liberates  some  of  the  movement  of  the 
main  perfluorocarbon  chain  perpendicular  to  the  chain  axis,  could 
actually  result  in  a  more  tortuous  path  between  hopping  sites  and 
the  elevated  activation  energy. 

The  next  significant  change  in  behaviour  of  <t0  is  found  as  a 
step  increase  in  the  conductivity  between  -65  and  -75  °C,  which 
corresponds  to  the  /32  transition,  and  results  in  a  change  from 
Arrhenius  to  Vogel-Tammann-Fulcher  (VTF)  behaviour.  This  trend 
indicates  that  the  mechanism  of  long  range  conduction  shifts  from  a 
Grotthus-like  ‘hopping’  conduction  process  to  a  conductivity  facil¬ 
itated  by  the  fluctuations  of  the  CF2  units  of  the  membrane  [45]. 
The  VTF  fit  of  the  data  in  region  III  between  -65  and  75  °C  results  in 
a  pseudo-activation  energy  of  10  ±  1  kj  mol-1  and  a  T0  of  -145  °C. 
This  T0  is  reasonably  close  in  temperature  to  the  y  transition,  indi¬ 
cating  that  in  this  temperature  realm  the  long  range  conduction 
mechanism  is  facilitated  by  the  motion  of  the  polymer  backbone 
perpendicular  to  the  chain  axis.  The  beginning  of  this  behaviour 
at  a  temperature  corresponding  to  the  /32  transition  indicates  that 
although  main  chain  facilitates  that  movement,  the  /32  transition 
is  responsible  for  the  change  from  Arrhenius  to  VTF  behaviour 
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Fig.  6.  3D  plot  of  the  imaginary  component  of  the  permittivity  and  the  real  com¬ 
ponent  of  the  conductivity  as  a  function  of  temperature  and  frequency  for  the  dry 
S-Zr02/Nafion®  membrane. 


Fig.  7.  3D  plot  of  the  imaginary  component  of  the  permittivity  and  the  real  com¬ 
ponent  of  the  conductivity  as  a  function  of  temperature  and  frequency  for  the  wet 
S-Zr02/Nafion®  membrane. 


possibly  because  as  the  side  chains  become  more  mobile,  they  are 
more  susceptible  to  the  motion  of  the  main  chain. 

At  temperatures  above  75  °C  (region  IV),  the  conductiv¬ 
ity  follows  VTF  behaviour  with  a  pseudo-activation  energy  of 
1.6  ±  0.7  kj  mol-1  and  a  T0  of  33  °C.  This  T0  corresponds  to  the 
temperature  of  the  a\  transition.  In  this  temperature  region,  the 
long  range  conductivity  is  mediated  by  the  segmental  motion  of 
the  main  fluorocarbon  chains  in  the  PTFE  hydrophobic  domains  of 
Nation®.  The  additional  mobility  of  the  polymer  backbone,  which 
assists  in  the  charge  motion,  is  responsible  for  the  large  decrease 
in  the  pseudo-activation  energy  seen  between  regions  III  and  IV. 

In  a  completely  dehydrated  state,  the  conductivity  a0  of  the 
composite  membrane  is  between  4  and  8  orders  of  magnitude 
higher  than  that  of  pristine  Nation®  between  1 05  and  1 5  °C  [36].  The 
pseudo-activation  energy  for  pure  Nation  in  this  temperature  range 
is  35  ±  8  kj  mol-1  [36],  which  is  significantly  higher  than  either  of 
those  reported  for  the  composite  membrane  above.  The  presence  of 
the  filler  in  the  membrane  significantly  improves  the  conductivity 
in  anhydrous  conditions  by  creating  additional  percolation  path¬ 
ways  for  charge  conduction  and  increasing  the  number  of  charge 
carriers  in  the  system.  This  greatly  improved  conductivity  makes 
the  composite  membrane  a  promising  material  for  application  in 
an  anhydrous  fuel  cell. 

The  conductivity  cr0  of  the  composite  membrane  in  a  fully 
hydrated  state  bears  resemblance  to  that  of  the  composite  mem¬ 
brane  in  the  dry  state  below  the  melting  point  of  water.  However, 
unlike  in  the  dry  system,  there  is  no  membrane  mediation  of 
the  conductivity  in  this  region  as  revealed  by  the  absence  of  VTF 


behaviour.  The  presence  of  solid  water,  which  solvates  the  end 
groups  in  the  hydrophilic  domains  of  the  membrane,  results  in 
a  decoupling  of  the  motion  of  the  Nation®  side  chains  and  the 
perfluorinated  backbone.  This  conductivity  region  can  be  divided 
into  four  temperature  realms,  where  the  breakpoint  temperature 
between  each  region  corresponds  to  one  of  the  three  low  temper¬ 
ature  relaxation  modes,  y,  fa,  and  fa.  The  activation  energies  for 
these  temperature  realms  are  found  to  be  24  ±3  (region  I),  62  ±  1 
(region  II),  21.6 ±0.6  (region  III)  and  51  ±5  (region  IV)kJmol-1 
moving  from  low  to  high  temperature.  As  in  the  dry  membrane,  a 
significant  increase  in  the  activation  energy  is  seen  after  the  y  relax¬ 
ation.  The  fa  relaxation  at  approximately  -85  °C  provides  more 
freedom  of  movement  in  the  side  chains  which  seems  to  making 
hopping  sites  more  accessible  resulting  in  a  decrease  in  the  acti¬ 
vation  energy.  However  at  the  fa  relaxation,  the  activation  energy 
increases  again.  After  the  fa  relaxation,  it  is  possible  that  the  immo¬ 
bile  ice  crystals  found  in  the  hydrophilic  domains  of  the  membrane 
provides  a  large  steric  hindrance  to  proton  hopping  in  the  pres¬ 
ence  of  the  highly  mobile  side  chains,  resulting  in  a  poor  pathway 
for  long  range  conductivity. 

Below  the  melting  point  of  water,  the  conductivity  a  o  of  Nation® 
is  between  one  and  two  orders  of  magnitude  lower  than  that  of 
the  composite  membrane.  In  addition,  pristine  Nation®  has  activa¬ 
tion  energies  of  38  ±1,  31  ±1  and  60  ±  lOkJmol-1  in  regions  II,  III 
and  IV,  respectively.  In  regions  III  and  IV,  these  activation  energies 
are  higher  than  those  in  the  same  regions  for  the  composite  mem¬ 
brane.  As  in  the  dehydrated  membrane  the  presence  of  the  filler 
creates  percolation  pathways  for  charge  conduction  and  increases 


72 


G.A  Giffin  etal./  Journal  of  Power  Sources  198  (2012)  66-75 


Fig.  8.  Real  (a)  and  imaginary  (b)  parts  of  the  permittivity  of  the  dry  S-Zr02/Nafion® 
membrane  at  -25  °C  with  the  electrical  polarization  and  dielectric  terms  from  Eq. 
(1 )  using  two  polarizations,  one  dielectric  relaxation  and  the  permittivity  at  infinite 
frequency.  The  circles  represent  the  original  data  and  the  dark  line  represents  the 
overall  fit. 

the  number  of  charge  carriers  in  the  system.  However,  in  region  II 
where  the  thermal  energy  in  the  system  is  very  low,  the  presence 
of  the  filler  surrounded  by  crystallized  water  in  the  hydrophilic 
domains  combined  with  the  movement  of  the  Nation  main  per- 
fluorocarbon  chain  perpendicular  to  the  chain  axis  due  to  the  y 
transition  results  in  a  poor  conducting  percolation  pathway  and  a 
higher  activation  energy  in  the  composite  membrane. 

Above  the  melting  point  of  water,  the  trend  in  the  conductiv¬ 
ity  (T0  follows  VTF  behaviour  with  a  very  low  activation  energy, 
0.2  ±  0.1  kj  mol-1  with  a  T0  of  -20  °C.  This  T0  value  corresponds  to 
the  melting  of  water.  In  the  presence  of  liquid  water,  it  is  likely  that 
the  pathway  for  long  range  conduction  is  facilitated  by  water  and 
by  the  motion  of  the  polymer  backbone  and  side  chains.  Unlike  in 
the  presence  of  solid  water,  the  presence  of  VTF  behaviour  and  a 
T0  value  corresponding  to  the  fa  transition  suggests  that  there  is 
coupling  between  the  motion  of  the  backbone  and  the  side  chain 
above  0°C.  Above  45  °C,  the  conductivity  data  of  the  composite 
membrane  begin  to  show  significant  scattering.  This  is  most  likely 
due  to  the  effect  of  the  hydrated  filler  as  indicated  by  the  BES 
spectra  of  the  pure  filler.  The  BES  tan  8  spectra  at  three  different 
frequencies  and  the  log  of  the  conductivity,  both  as  a  function  of 
temperature  are  shown  in  Fig.  10.  The  tan  8  spectra  of  the  filler  as 
a  function  of  temperature  reach  a  maximum  between  25  and  40  °C 
that  is  independent  of  frequency  and  corresponds  to  a  decrease  in 
the  conductivity.  This  transition  could  possibility  correspond  to  an 


Fig.  9.  Log  of  conductivity  as  a  function  of  reciprocal  temperature  in  (a)  dry  and  (b) 
wet  conditions.  The  conductivity  data  for  dry  Nafion®  reported  by  Di  Noto  et  al.  are 
included  for  the  sake  of  comparison  [36]. 


acid-base  type  reaction  facilitated  by  water  within  the  filler  as  indi¬ 
cated  by  the  DSC  result.  This  behaviour  of  the  filler  is  reflected  in 
the  conductivity  data  of  the  membrane,  making  a  good  fit  of  the 
data  in  this  higher  temperature  region  difficult. 

Above  the  melting  point  of  water,  the  conductivity  <r0  of  Nafion® 
is  equal  to  or  slightly  higher  than  that  of  the  composite  membrane 
[36].  In  addition,  the  pseudo-activation  energies  are  also  similar. 
For  Nafion®,  the  pseudo-activation  energy  is  0.5  ±0.2  kj  mol-1.  In 
both  membranes,  in  this  temperature  realm  the  conduction  pro¬ 
cess  is  facilitated  by  water,  so  it  is  unsurprising  that  there  is  little 
difference  in  the  conductivity  values.  Water  uptake  measurements 
by  TG  indicated  that  pristine  Nafion®  contained  almost  two  times 
the  amount  of  water  as  the  composite  membrane.  In  the  presence 
of  an  excess  of  water,  as  is  likely  the  case  in  this  fully  hydrated 
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Fig.  10.  BES  tan  <5  spectra  at  three  different  frequencies  and  the  log  of  the  conduc¬ 
tivity  of  the  filler  as  a  function  of  temperature. 

membrane,  the  acid  sites  on  the  filler  are  likely  occupied  by  water 
molecules,  inhibiting  the  contribution  of  the  filler  itself  to  the  con¬ 
duction  mechanism.  This  could  be  another  factor  in  why  this  is  the 
only  region  where  the  conductivity  of  the  composite  membrane  is 
not  higher  than  that  of  Nation®. 

It  is  possible  to  determine  the  mean  distance  of  proton  migration 
(r)  between  two  different  sites  associated  with  the  bulk  conductiv¬ 
ity  using  the  Nerst-Einstein  (2)  and  the  Einstein-Smoluchowski  (3) 


equations  [46,47]: 

n  &dcRT 

°H+  =  nH+F2 

(2) 

(r)  -  \J 6 Dj-i+Tq  =  ^ 

/6a0r0RT 

(3) 

1  nH+F2 

where  nH+  is  the  charge  carrier  concentration,  R  is  the  universal 
gas  constant,  T  is  the  temperature  in  Kelvin  and  F  is  the  Fara¬ 
day  constant.  r0  is  the  relaxation  time  for  the  conductivity  <r0. 
The  charge  carrier  concentration  nH+  is  obtained  from  the  ionic 
exchange  capacity  [22].  The  density  of  Nation  [48],  assuming  it  is 
almost  the  same  as  the  composite  membrane  that  contains  only 
5%  of  filler,  is  equal  to  1.65 gem-3.  The  values  of  (r)  in  the  dry 
membrane,  shown  in  Fig.  11,  exhibit  an  exponential  increase  with 
decreasing  reciprocal  temperature  up  to  a  distance  of  12  nm  at  the 
highest  temperatures.  The  steeper  increase  and  (r)  values  greater 
than  2  nm  begin  at  temperatures  corresponding  to  the  relax¬ 
ation.  In  the  wet  composite  membrane  and  in  Nafion,  there  is  a  large 
step  increase  in  the  average  hopping  distance  at  the  melting  point  of 
water.  Above  0  °C,  the  values  of  (r)  are  essentially  the  same  for  both 
membranes,  increase  sharply  and  range  between  30  and  lOOnm. 
The  relatively  high  values  of  (r)  are  due  to  the  inclusion  of  the 


Fig.  11.  Mean  distance  of  proton  migration  (r)  between  two  sites  associated  with 
the  bulk  conductivity  in  dry  and  wet  conditions. 

“bulk”  conductivity  in  Eq.  (3).  Consequently,  r  is  reported  as  a  mean 
value  of  the  proton  migration  distance  inside  polar  hydrophilic 
domains  (intra-cluster  migration)  and  between  different  ionic  clus¬ 
ters  (inter-cluster  migration).  In  this  temperature  realm,  the  proton 
migration  is  greatly  influenced  by  the  presence  of  water,  which  also 
accounts  for  the  large  distances  calculated.  Below  0°C,  the  (r)  val¬ 
ues  are  not  strongly  dependent  on  temperature  and  are  higher  in 
Nafion®  than  in  the  composite  membrane.  The  steric  hindrance 
of  crystallized  water  surrounding  the  filler  and  the  side  groups  of 
Nafion®  results  in  a  reduced  probability  of  proton  hopping  between 
active  acid  sites  and  consequently  a  decreased  hopping  distance. 

In  addition  to  the  electrode  polarization  that  is  responsible 
for  the  long  range  conductivity  of  the  composite  membrane,  two 
interfacial  conductivity  phenomena,  0\  and  cr2,  can  be  found  at 
lower  frequencies  in  both  the  dry  and  hydrated  systems  (refer  to 
Figs.  6  and  7).  These  conductivities  are  due  to  the  accumulation 
of  charges  along  interfaces  between  domains  that  exhibit  different 
characteristic  permittivities. 

The  overall  conductivity  can  be  expressed  as  the  summation  of 
all  of  the  conductivity  phenomena  as  in  Eq.  (4)  [49]: 

tftotal  =  =O0+O\+O2  (4) 

i=0 

It  is  possible  to  consider  that  each  conductivity  contribution  is 
the  result  of  a  different  population  of  protons  that  have  different 
characteristic  frequencies  and  mobilities  at  any  given  tempera¬ 
ture  within  the  explored  frequency  range.  In  the  dry  membrane, 
the  interfacial  polarizations  exist  principally  in  the  temperature 
region  where  gq  exhibits  a  VTF  trend  and  therefore  the  conductiv¬ 
ity  is  mediated  by  the  motion  of  the  host  matrix.  However  unlike 
<70,  o\  and  g2  show  Arrhenius  behaviour,  which  indicates  that 
these  populations  of  protons  move  via  a  grothus-like  “hopping” 
mechanism  between  proton-donor  and  acceptor  sites  along  the 
interface  between  the  hydrophilic  and  hydrophobic  domains  of 
the  composite  membrane.  The  presence  of  two  different  conduc¬ 
tion  mechanisms  supports  the  interpretation  that  the  interfacial 
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conductivities  are  the  result  of  different  proton  populations.  The 
conductivity  cri  can  be  divided  into  two  temperature  regions,  one 
below  0°C  that  has  an  activation  energy  of  66±51<Jmol-1  and 
another  above  1 5  °C  that  has  an  activation  equal  to  96  ±  2  kj  mol-1 . 
The  temperature  dividing  these  regions  corresponds  to  the  aq 
transition.  The  large  increase  in  activation  energy  is  likely  due 
to  a  decreased  probability  of  an  accessible  proton  site  for  the 
grothus-like  mechanism  resulting  from  the  increased  mobility  of 
the  polymer  matrix.  The  conductivity  o2  has  an  even  higher  acti¬ 
vation  energy,  equal  to  1 25  ±  2  kj  mol-1 .  The  conductivity  values  of 
these  interfacial  polarizations  are  at  least  two  orders  of  magnitude 
lower  than  the  conductivity  cr0.  Therefore,  the  contribution  of  oq 
and  a 2  to  the  overall  long  range  conductivity,  crtotal,  are  negligible 
and  Eq.  (4)  is  reduced  to  ortotal  =  <t0. 

The  conductivities  oq  and  <r2  of  the  fully  hydrated  membrane 
show  Arrhenius-type  behaviour.  In  the  high  and  low  temper¬ 
ature  regions,  respectively,  oq  has  activation  energies  equal  to 
62  ±7  and  38±3kJmol_1,  while  o2  has  an  activation  energy  of 
52±4kJmol“1.  These  activation  energies  are  lower  than  those  in 
the  fully  dehydrated  conditions,  which  is  likely  the  result  of  water 
facilitating  the  grothus-like  conduction  mechanism.  It  is  interest¬ 
ing  to  note  that  at  temperatures  below  but  close  to  the  melting 
point  of  water  the  values  of  conductivities  a0  and  oq  are  within 


one  order  of  magnitude.  This  indicates  that  in  this  temperature 
realm  the  interfacial  conductivity  makes  a  significant  contribution 
to  the  long  range  conductivity.  In  addition,  the  activation  energy 
of  oq  below  0  °C  is  lower  than  the  activation  energy  above  0  °C.  As 
discussed  above,  solid  water  within  the  membrane  decouples  the 
motion  of  the  backbone  and  the  side  chains  in  the  host  matrix.  In 
this  instance,  the  interface  in  a  more  immobile  matrix  provides  a 
pathway  for  conduction.  Above  0  °C,  the  contribution  of  oq  and  a2 
to  the  total  conductivity  can  be  considered  negligible. 

The  dielectric  strength  and  associated  frequencies  found  from 
fitting  the  permittivity  data  with  Eq.  (1)  are  shown  in  Fig.  12  as 
a  function  of  reciprocal  temperature.  The  dielectric  strength  of  fa 
and  /32  in  the  dry  system  increases  with  increasing  temperature 
until  -75  °C,  at  which  point  /32  is  no  longer  in  the  experimental  fre¬ 
quency  range  and  fa  decreases  slightly  and  then  remains  constant. 
The  increase  in  dielectric  strength  is  due  to  a  decrease  in  the  inter¬ 
action  strength  associated  with  the  side  chain  [42].  The  decrease 
in  fa  and  subsequent  constant  trend,  which  approximately  corre¬ 
sponds  to  the  fa  transition,  suggests  that  the  dipoles  of  the  two 
ether  groups  in  the  side  chain  are  coupled  and  that  the  fa  transi¬ 
tion  reduces  the  dielectric  strength  of  fa.  The  large  increase  in  the 
frequency  associated  with  fa  at  the  fa  transition  supports  this  con¬ 
clusion.  Similar  behaviour  is  seen  in  the  fully  hydrated  membrane, 
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except  an  additional  increase  is  seen  in  at  -60  °C.  This  increase 
corresponds  to  the  decrease  in  the  interaction  strength  of  the  side 
chain  up  to  and  above  the  fa  transition. 

4.  Conclusion 

This  study  presents  an  interesting  new  type  of  composite  mem¬ 
brane  based  on  Nation®  doped  with  a  sulfated-zirconia  filler.  This 
sulfated-zirconia  filler  is  different  from  many  others  in  that  the 
filler  itself  can  contribute  to  the  proton  conductivity  due  to  the 
presence  of  acidic  functionalities  on  the  surface  of  the  filler.  The 
presence  of  the  filler  in  the  membrane  results  in  the  deprotona¬ 
tion  of  Nafion®’s  acid  moieties  even  in  completely  dry  conditions 
as  indicated  by  the  absence  of  the  acid  mode  at  1475  cm-1  in 
the  FTIR  spectrum.  Spectra  from  DSC,  DMA  and  BES  show  the 
presence  of  six  molecular  transitions:  one  y,  two  and  three  a. 
Only  two  of  these  molecular  relaxations  are  detected  in  the  BES 
permittivity  profiles.  None  of  the  a  transitions  are  found  in  the  per¬ 
mittivity  curves  because  they  occur  in  the  same  temperature  and 
frequency  range  as  the  polarizations.  The  polarizations  have  signif¬ 
icantly  larger  permittivities  making  detection  of  the  a  relaxations 
impossible.  The  composite  membrane  exhibits  a  reasonably  high 
conductivity  (3  x  10-3  Scm-1)  even  in  completely  dry  conditions 
at  120°C.  The  conductivity  behaviour  exhibits  a  mix  of  Arrhenius 
and  VTF  behaviours  and  is  closely  tied  to  the  dielectric  relaxations. 
At  low  temperatures,  i.e.  below  the  melting  point  of  water,  the  con¬ 
ductivity  of  the  wet  membrane  closely  resembles  that  of  the  dry 
membrane  and  the  long  range  conduction  occurs  via  hopping-type 
mechanism.  In  the  dry  system  at  higher  temperatures,  the  proton 
conduction  mechanism  is  facilitated  by  the  motion  of  the  matrix.  In 
the  wet  membrane  above  the  melting  point  of  water  the  long  range 
conduction  is  largely  driven  by  the  water  in  the  membrane,  but  to 
a  small  extent  is  mediated  by  the  motion  of  the  host  matrix.  The 
proton  populations  responsible  for  conduction  along  interfaces  do 
not  make  a  significant  contribution  to  the  long  range  conduction 
mechanism,  except  as  the  temperature  approaches  0°C  in  the  wet 
membrane,  where  the  interfaces  provide  a  percolation  pathway  in 
polar  domains  that  are  sterically  hindered  by  the  presence  of  solid 
water. 
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